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Abstract

Agents that will accelerate wound healing maintain their clinical importance in all aspects. The aim of this study is to deter-
mine the antimicrobial activity of zinc oxide nanoparticles (ZnO NPs) ZnO nanoparticles obtained by green synthesis from
Capparis spinosa L. extract and their effect on in vitro wound healing. ZnO NPs were synthesized and characterized using
Capparis spinosa L. extract. ZnO NPs were tested against nine ATCC-coded pathogen strains to determine antimicrobial
activity. The effects of different doses (0.0390625-20 pug/mL) of NPs on cell viability were determined by MTT assay. The
effect of ZnO NPs doses (0.0390625 pg/mL, 0.078125 pg/mL, 0.15625 ug/mL, 0.3125 pug/mL, 0.625 pg/mL, 1.25 pg/mL)
that increase proliferation and migration on wound healing was investigated in an in vitro wound experiment. Cell culture
medium obtained from the in vitro wound assay was used for biochemical analysis, and plate alcohol-fixed cells were used
for immunohistochemical staining. It was determined that NPs formed an inhibition zone against the tested Gram-positive
bacteria. The ZnO NPs doses determined in the MTT test provided faster wound closure in in-vitro conditions compared to
the DMSO group. Biochemical analyses showed that inflammation and oxidative status decreased, while antioxidant levels
increased in ZnO NPs groups. Immunohistochemical analyses showed increased expression levels of Bek/FGFR2, IGF, and
TGF-p associated with wound healing. The findings reveal the antimicrobial effect of ZnO nanoparticles obtained using
Capparis spinosa L. extract in vitro and their potential applications in wound healing.
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Introduction

Wound healing is a complex process that includes hemo-
stasis, inflammation, proliferation and tissue repair. During
this process, events such as the formation of granulation
tissue, contraction of the wound, proliferation of specific
cells, migration, angiogenesis and re-epithelialization
occur. Despite all this complex process, it is not always
possible for scar tissue to be completely repaired and
returned to its original state (Wang et al. 2018, Wilkin-
son and Hardman 2020). After injuries that may occur for
various reasons, wound healing must be achieved quickly.
However, aging and various diseases accompanying this
process can affect wound healing and lead to chronic
wound formation (Deniz 2022; Liu et al. 2022).

The formation of chronic wounds requires long-term
and recurring patient care. Injuries, described as silent
epidemics, affect the social and economic conditions of
millions of people (Caldwell 2020). Infections associated
with chronic wounds are one of the most important and
common complications of skin injuries (Liu et al. 2022).
Research reports that antimicrobial agents used against
common infectious agents are gradually losing their
effectiveness, and antimicrobial resistance has become
an important problem that will affect human life in the
coming years (Hassan et al. 2022; Hutchings et al. 2019;
Samreen et al. 2021). Reports indicate that no new class
of antibiotics has been discovered in the last 50 years, in
addition, antibiotics used in different areas such as animal
husbandry worsen the problem of antimicrobial resist-
ance by exploiting the ecosystem cycle (Uddin et al. 2021;
WHO 2021). In this context, there is a need to develop
new low-toxicity antimicrobial agents that support wound
healing (Liu et al. 2022; Wuthisuthimethawee et al. 2015).
Nanotechnology has opened a new door in the develop-
ment of needed therapeutic agents and regulation of drug
delivery systems.

In recent years, the number of studies on hydrogels and
nanoparticles and new active substances has been increas-
ing (Baron et al. 2020; Blanco-Fernandez et al. 2021; Stan
et al. 2021; Sudhasree et al. 2014). In addition to the effects
of their normal chemical structures, nanoparticles can show
unique effects thanks to the new characteristic structure
they have acquired (Naderi et al. 2018; Yang et al. 2009).
NPs are used in various fields such as diagnosis, imaging,
biosensors, therapy and cosmetics. In particular, metallic
NPs such as gold, silver, iron oxide, copper oxide, alu-
minum oxide, and zinc oxide have been proven to have anti-
bacterial activity in association with their increased sur-
face area/volume ratio in various previous studies (Ahmed
etal. 2017; Amini 2019; Arafat et al. 2023; El-Samad et al.
2022a; Matatkova et al. 2022). NPs show their antibacterial
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effects through various mechanisms such as accumulation
on the cell surface, interaction with the cell membrane,
accumulation in the cell, damage to cellular structures such
as DNA, and release of H202 and reactive oxygen species
(ROS) (Cui et al. 2012; Lemire et al. 2013; Liew et al.
2022). In addition, ZnO NPs, which have the ability to
absorb ultraviolet light, have been widely included in sun-
screens, which has increased studies on the use of ZnO NPs
in topical agents with different indications (Akbar et al.
2021; Rayyif et al. 2021). NPs are obtained using a variety
of techniques. Conventional synthesis methods that are fre-
quently used involve physical and chemical processes that
negatively affect energy use, chemical use, and chemical
release (Jamkhande et al. 2019). In addition, the formation
of intermediate products that cause environmental pollu-
tion during synthesis and the insufficient pharmacokinetic
findings of the NPs obtained have caused concern. Never-
theless, due to their low toxicity, environmental friendli-
ness, and simple production steps, green synthesis tech-
niques have drawn more attention in recent years. In the
process known as green synthesis, plant metabolic prod-
ucts like sugars, flavonoids, terpenoids, alkaloids, phenol
derivatives, and proteins are reduced with metallic ions to
produce nanoparticles. The components in the biological
material act as reductants and provide stabilization for the
synthesis of NPs, so this method does not require the addi-
tion of external chemical stabilizers (Ahmed et al. 2017).
The green synthesis method provides nanoparticles with
different bioactive properties in addition to higher stabil-
ity. In addition, one of the most important advantages over
the conventional method is the formation of non-toxic by-
products (Metwally et al. 2022; Parveen et al. 2016; Sud-
hasree et al. 2014).

Capparis spinosa L. (C. spinosa L.) (capers) (family
Capparidaceae) is one of the wild aromatic plants com-
monly grown in dry regions around Central/West Asia and
the Mediterranean region. Capers have been used as herbal
treatment in traditional medicine for centuries due to their
various properties. Aqueous extracts from the root parts of
the plant have been used for their antifungal, anti-inflam-
matory, antidiabetic and antihyperlipidemic activities. The
main flavonoids of this plant are rutin and quercetin. Rutin
and quercetin are abundant in plant leaves compared to other
parts of the plant. These two flavonoids are responsible for
the antioxidant activity of the plant. It is thought that alka-
loids such as stachydrine, cadabicine found in the roots of
the plant show their antiseptic effect (Zhang and Ma 2018).
Other known components are alkaloids, furan, flavonoids
and pyrrole derivatives, phenolic acids, tetraterpenes, ster-
ols, capparisine A, capparisine B, capparisine C, glucocap-
parin, isoginkgetin, ginkgetin, protocatechuic acid (Sezen
et al. 2022). Although bioactive effects such as antimicrobial



Environmental Science and Pollution Research (2023) 30:117609-117623

117611

activities, antinociceptive effects and toxicity of various NPs
synthesized using different C. spinosa L. extracts have been
investigated in previous studies, but their effects on wound
healing have not been tested, to our knowledge (Benakashani
et al. 2016; Mahmoudvand et al. 2020; Neamabh et al. 2023).

In this study, the antimicrobial and wound healing effects
of ZnO NPs synthesized using the water extract of C. spi-
nosa L. fruits as a potential wound healing agent under
in vitro conditions and the biological pathways of these
effects were investigated.

Materials & methods
Materials

MgS0,.7H,0 (A769586 627, Purity 99.6%), KH,PO,
(A850773 723, purity > 99.9%), and K,HPO, (A851201 714,
purity >98%),) were purchased from Merck, ZnSO,.7H,0O
(7446-20-0, purity 99.9%), Zn(NO;), (228737,
purity >99.9%), ZnCl, (7646-85-7, grade, >98%), Zn
(CH;C00), (383317, grade >98%), Roswell Park Memo-
rial Institute 1640 medium (RPMI) (R8758), Fetal Bovine
Serum (FBS) (F9665), DMSO (Dimethyl sulfoxide) (D2650
grade >99.7%-D4540 grade > 99.5%), and 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) from
Sigma-Aldrich, and Mueller—Hinton Agar (CM0337), Muel-
ler—Hinton Broth (CM0337) from Oxoid.

Nanoparticle synthesis and characterization

C. spinosa L. fruits were collected from Alanya/Tiirkiye in
August and identified (ATAHERBARIUM No 10212). After
drying completely at 22 +4 °C, it was stored in closed con-
tainers in a cool and dark environment. While preparing the
water extract, ground 20 g of C. spinosa L. fruits and 300 ml
of distilled water were used. For nanoparticle synthesis, 1 g
of the plant extract was dissolved in 5 mL of distilled water
and then added slowly to 35 mL of Zn(NO;), solution (1 mM,
pH=238). The reaction mixture was kept on a magnetic stirrer
for 6 h. After the first step of the reaction was completed, 2
M NaOH solution was added to the solution and the reac-
tion was continued overnight at 60 °C on a magnetic stir-
rer. After the reaction was completed, the resulting mixture
was centrifuged at 14,000 rpm for 15 min. The precipitate
obtained was washed three times with alcohol and then with
distilled water. After the washed precipitate was dried in the
incubator at 50°C, it was ground into a fine powder with the
help of a mortar and stored. Zeiss Sigma 300 and Malvern
Zetasizer Nano ZSP were used to characterize the produced
ZnO nanoparticles (Demir et al. 2016; Karaman et al. 2003).

Antimicrobial tests

In this study, nine standard pathogenic bacteria strains
with ATCC code (Methicillin-resistant Staphylococcus
aureus ATCC 67106, Acinetobacter baumannii ATCC
BA1609, Enterococcus faecium ATCC 700211, Escheri-
chia coli ATCC BAA-2523, Streptococcus salivarius
ATCC 13419, Pseudomonas aeruginosa ATCC 9070,
Streptococcus mutans ATCC 35668, Enterococcus fae-
calis ATCC 49452, Bacillus cereus ATCC 14579) taken
from the bacterial collection of Atatiirk University Biol-
ogy Department Bacteriology Laboratory were used. To
determine antimicrobial activity, 12-h bacterial suspen-
sions inoculated in Mueller—Hinton Broth medium were
adjusted to 0.5 McFarland standard turbidity. ZnO NPs
were applied at a dose of 10 pg/mL using the agar well
diffusion methods. The antibacterial effect was determined
by measuring the inhibition zone around the wells after 12
h of incubation at 37°C (Klink et al. 2022).

Cell culture dose studies

Fibroblast cell lines obtained from Atatiirk University Fac-
ulty of Medicine, Department of Medical Pharmacology
were grown in flasks in RPMI medium containing 10%
FBS/1% Antibiotic. After the flask surfaces were com-
pletely covered, the obtained cells were seeded in 96-well
plates at 5000-6000 cells per well. The cells in the well
were treated with the nanoparticle doses (0.0390625 pg/
mL, 0.078125 pg/mL, 0.15625 pg/mL, 0.3125 pg/mL,
0.625 pg/mL, 1.25 pg/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/mL,
and 20 pug/mL) obtained after covering approximately 80%
of the well surface. Cell viability was evaluated by adding
5 mg/ml MTT solution to the cells exposed to nanoparti-
cles for 24 h (Ertugrul et al. 2020).

In vitro Scratch wound healing assay

For cell migration measurement, cells grown in RPMI
medium containing 10% FBS / 1% antibiotic were seeded
in 24-well plates. When the seeded cells completely cov-
ered the surface of the well, they were scratched thor-
oughly with a 100 uL pipette tip. The plate was washed
with PBS solution to prevent the floating cells from re-
adhering to the scratched area. The nanoparticle doses
determined as a result of the MTT test were added to
the wells. Cells were photographed with Leica DFC 295
inverted microscope every 12 h and the wound closure
areas were calculated with the help of the ImageJ] program
using the photographs in all groups (Addis et al. 2020).
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Biochemical analyzes

TAC (Total Antioxidant Capacity)/TOS (Total Oxidant
Status) kits from Rel Assay Diagnostic and Interleukin 6
(IL-6) and Tumor necrosis factor-alpha (TNF-a) kits from
Elabscience were used for biochemical analysis following
kit procedures. For TAC kit; 18 uL. of sample samples and
standards were taken and added to the wells. After adding
300 pL of Reagent 1 to these, the Heidolph Microtiter Plate
Shaker is held in Titramax at 300 rpm for 30 s to thoroughly
mix the well contents. The first reading was taken at 660 nm.
After the first reading, 45 pL of Reagent 2 was added to all
wells and kept in the shaker again to ensure a homogeneous
mixture. After this process, it was left to incubate at 37 °C
for 5 min. At the end of the incubation process, absorbance
is read again at 660 nm. Results were calculated accord-
ing to the formula in the kit procedure. For TOS kit; 45 uLL
of sample and standard were taken and added to the wells.
After adding 300 puL of Reagent 1 to these, the Heidolph
Microtiter Plate Shaker was held in Titramax at 300 rpm for
30 s to thoroughly mix the well contents. The first reading
was taken at 530 nm. After the first reading, 15 pL of Rea-
gent 2 was added to all wells and kept in the shaker again to
ensure homogeneous mixing. After this process, it was left
to incubate at 37 °C for 5 min. At the end of the incubation
process, absorbance was read again at 530 nm. The results
were calculated according to the formula in the kit procedure
(Taghizadehghalehjoughi et al. 2019).

For TNF-a and IL-6; 100 puL of sample and standard were
added to the plate wells. The plate was then incubated at 37
°C for 90 min. At the end of the incubation period, the liquid
in the plate was completely emptied and the Biotinylated
Detection Ab working solution was added to the wells. After
this process, it was incubated again at 37 °C for 60 min. At
the end of the incubation period, the plate was aspirated
and washed three times with washing solution. 100 pL. of
HRP conjugate working solution was added to the washed
wells and incubated at 37 °C for 30 min. At the end of the
incubation period, the washing process was repeated five
more times. Then, 90 pL of substrate reagent was added to
the wells and incubated for another 15 min at 37 °C. Finally,
50 uL of stop solution was added and the plate was read at
450 nm (Ferah Okkay et al. 2022; Kesmez Can et al. 2021).

Immunohistochemistry staining

After the Scratch Wound Healing Assay, 24-well plates were
fixed with cold methanol for 5 min at -20°C. After fixation,
the methanol in the 24-well plate was poured and washed
with PBS. It was then incubated for 15 min in PBS solution
containing 0.1% Triton X-100 at 22 +4 °C. At the end of the
waiting period, the plate was washed with PBS. After wash-
ing, it was incubated in a PBS solution containing 2% BSA
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for 60 min at 22 +4 °C. The washing process was repeated.
Then monoclonal anti-Bek/FGFR2 (Fibroblast Growth
Factor Receptor 2) (Santa Cruz, Catalog no. sc-6930),
monoclonal anti-IGF (Insulin-Like Growth Factor) (Santa
Cruz, Catalog no. sc-518040) and monoclonal anti-TGF-f§
(Transforming Growth Factor Beta) (Santa Cruz, Catalog
no. sc-130348) primers were incubated overnight at+4°C
at a dilution rate of 1/200 with antibodies. After the incuba-
tion, the washing process was repeated and the washed cells
were incubated in the dark at 22 +4 °C for 1 h with goat anti-
mouse FITC secondary antibody at a dilution ratio of 1/100,
in accordance with the primary antibodies used. After wash-
ing, 4',6-diamidino-2-phenylindole (DAPI) was dropped on
the cells and examined under a fluorescence microscope.
Fluorescence positivity seen near the wound line was evalu-
ated semi-quantitatively as absent (-), mild (+), moderate
(++), and severe (+++) (Sezen et al. 2023).

Statistical analysis

Data from MTT, TAC, TOS, TNF-a, IL-6, and immunohis-
tochemistry were analyzed with the SPSS 20.00 program.
The difference between the groups in immunohistochemis-
try findings was determined by Kruskal Wallis, one of the
nonparametric tests, and the group that created the differ-
ence was determined by the Mann—Whitney U test (p <0.05,
p<0.001). One-Way Anova, one of the parametric tests, was
used for other analyses (p <0.05, p<0.001) (Taghizade-
hghalehjoughi et al. 2020).

Results
Nanoparticle synthesis

Zetasizer is a system that measures particle size with the
dynamic light scattering (DLS) method, also known as
Photon correlation spectroscopy (PCS). The basic principle
of measurement is Brownian movements. Brownian move-
ments of the suspended material cause the laser light to be
scattered at different intensities. In analyzing these density
fluctuations, particle size is calculated using the Stokes—Ein-
stein relationship (Inam and Peijs 2006).

A scanning electron microscope (SEM) is an imaging
system that uses electrons instead of a light source to cre-
ate images. The electron beam follows a linear path under
vacuum, passing through electromagnetic fields and lenses.
When the beam hits the sample, it disperses, scattering sec-
ondary electron beams and X-rays. Images are obtained with
the help of these rays collected by detectors (Akhtar et al.
2018).

When the ZnO nanoparticles synthesized through green
synthesis with C. Spinosa were examined with the Zetasizer,
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Fig.1 Green synthesized ZnO nanoparticle Zetasizer results

it was observed that the particle size distribution reached 6
um. The average particle size was 1000 nm (Fig. 1). The data
obtained from the Zetasizer overlaps to a certain extent with
the SEM images (Fig. 2A).

Fig.2 Green synthesized ZnO nanoparticle SEM image

In the analysis of SEM images of nanoparticles, it was
observed that the particles were irregular at 2.00 KX mag-
nification (Fig. 2A). However, when examined at magnifi-
cations of 50.00 KX and higher, it was determined that the
irregular particles consisted of nanorods (Fig. 2B). When
examined with 150.00 KX, it was determined that these
nanorods were 300-400 nm in length and 60-100 nm in
diameter. It was also determined that these nanorods grew
adherent to each other (Fig. 2C). When the nanorods were
examined at a magnification of 200.00 KX, it was observed
that they consisted of grains smaller than 10 nm (Fig. 2D).

When the Zetasizer and SEM images were examined, the
structure of the obtained material was clarified. It has been
determined that the developed material has nanoparticle
properties.

Antimicrobial

ZnO NPs showed varying antimicrobial activity against stand-
ard pathogenic bacterial strains. When evaluated according to
Gram characteristics, while inhibition zone was formed in
Gram-positive bacteria strains, no inhibition zone was detected
against Gram-negative bacteria. Antimicrobial zone diameters

ZEISS
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against pathogens were determined as Methicillin-resistant
Staphylococcus aureus ATCC 67106 (5 mm), Enterococcus
faecium ATCC 700211 (8 mm), Streptococcus mutans ATCC
35668 (9 mm), Streptococcus salivarius ATCC 13419 (8 mm).

MTT

MTT assay was performed to determine the effect of dif-
ferent doses (0.0390625 pg/mL, 0.078125 pg/mL, 0.15625
pg/mL, 0.3125 ug/mL, 0.625 pg/mL, 1.25 pug/mL, 2.5 pg/
mL, 5 pg/mL, 10 pg/mL, and 20 ug/mL) of ZnO NPs on
cell viability. When the data obtained from the MTT test
were analyzed, it was observed that cell viability increased
significantly increase in the 0.15625 pg/mL, 0.3125 pg/mL,
0.625 pg/mL, and 1.25 pg/mL dose groups compared to the
Control (p <0.05). In addition, it was observed that NPs had
a toxic effect after a dose of 2.5 ug/mL (Fig. 3). In the MTT
assay, the proliferative doses of ZnO NPs were determined
as 0.0390625 pg/mL, 0.078125 pug/mL, 0.15625 ug/mL,
0.3125 pg/mL, 0.625 pg/mL, 1.25 pg/mL and these doses
were used for the scratch wound healing assay.

Scratch wound healing assay

The proliferative doses determined as a result of the MTT
test were applied to the plate after creating straight lines

on the fibroblast cells planted on 24-well plates. When the
images obtained with the inverted microscope were exam-
ined with the ImageJ program, cell bridges began to form
in the Control group from the 24th hour, and complete
wound closure was observed in this group at the 48th hour.
In the DMSO group, cell bridges and wound closure did
not occur until the 48th hour. When the treatment groups
were examined, it was determined that cell bridges were
formed starting from the 36th hour and the wound line was
closed significantly by the 48th hour. When the wound area
calculations of the experimental groups were examined, it
was determined that proliferation and migration were at the
highest level at the doses of 0.625 ug/mL and 1.25 ug/mL
(p<0.001) (Figs. 4, and 5).

Biochemical analyzes

IL-6 and TNF-« levels, which are important inflamma-
tion markers in wound healing, were determined at the
media obtained as a result of the scratch wound healing
assay. IL-6 level increased in DMSO, 0.0390625 ug/mL,
0.078125 pg/mL, 0.15625 pg/mL, and 0.3125 pg/mL doses
compared to the Control group. IL-6 levels were found to
be close to the Control group at the doses of 0.625 pg/mL
and 1.25 pg/mL, where wound closure was greater. Statisti-
cally, a significant difference was determined only in the
DMSO group. When TNF-a levels were examined, it was

MTT
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Fig.3 Cell viability measurement results with MTT (p <0.05, the difference between groups *; p <0.001, the difference between groups **)
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Fig.4 Scratch Wound Healing Assay Control, DMSO, 0.0390625 ug/mL, 0.078125 pg/mL (p <0.05, the difference between groups *; p <0.001,

the difference between groups **)

observed that all doses were lower than the DMSO group.
There was no statistically significant difference between
the groups. However, TNF-a level was lower than both
the Control and DMSO groups at the dose of 1.25 pg/
mL, which is one of the groups with high wound closure
(Fig. 6).

Considering the oxidant status data, it was seen that the
DMSO group increased the TOS level excessively, and
this level decreased as the dose increased, depending on
the dose of the applied nanoparticle. In the scratch wound
healing assay, the treatment doses with the lowest oxidative
levels were determined as 0.3125 pg/mL, 0.625 ug/mL, and
1.25 pg/mL. When the effects of doses on total antioxidant
capacity were examined, it was determined that antioxidant
capacity generally increased significantly at 0.15625 pg/
mL, 0.3125 pg/mL, 0.625 pg/mL, and 1.25 pg/mL doses
(p<0.05, p<0.001). When total oxidant status and total
antioxidant capacities are compared, it is seen that these
data are correlated to support each other (Fig. 7).

Immunohistochemistry

Bek/FGFR2, IGF and TGF-f levels, which are impor-
tant parameters in wound healing, were examined

immunohistochemically. In Bek/FGFR2 fluorescence staining
results, mild immunopositivity was observed in the groups
between the Control and 0.15625 pg/mL. It was determined
that immunopositivity increased to a moderate level at doses of
0.3125 pg/mL, 0.625 ug/mL, and 1.25 pg/mL. In the IGF stain-
ing results, while significant positivity was not observed in the
Control and DMSO groups, mild positivity was observed in
the groups between 0.0390625—0.3125 pg/mL doses, and
severe positivity was observed in the 0.625 pg/mL, and 1.25
pg/mL groups. When TGF-f staining was examined, moderate
positivity was observed in the 0.625 pg/mL group, and severe
positivity was observed in the 1.25 pg/mL group, while mild
positivity was observed in the other groups. (Table 1, Figs. 8,
9, and 10).

Discussion

Acute and chronic injuries cause significant health expen-
ditures even in developing countries. The desired condi-
tion in the treatment processes of injuries is rapid wound
healing and re-epithelialization (Vijayakumar et al. 2019).
However, the healing processes in chronic injuries are pro-
longed as a result of events such as chronic inflammation,
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Fig.5 Scratch Wound Healing Assay 0.15625 pg/mL, 0.3125 pg/mL, 0.625 yg/mL, 1.25 pg/mL (p<0.05, the difference between groups *;
p<0.001, the difference between groups **)
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Fig.6 IL-6 and TNF-a results (*p <0.05, the difference between groups, **p <0.001, the difference between groups)
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Fig.7 TAC and TOS results (p <0.05, the difference between groups *; p <0.001, the difference between groups **)

Table 1 Statistical differences in Bek/FGFR2, IGF and TGF-f immu-

nofluorescence staining. (p <0.001, the difference between groups *>°)
Groups Bek/FGFR2 IGF TGF-p
Control 0.83+0.40* 0.33+0.40* 1.00+0.00*
DMSO 1.00+0.00* 0.33+0.40* 1.16+0.40*
0.0390625 pg/mL 1.00+0.00* 0.83+0.00° 1.00+0.00*
0.078125 pg/mL 1.16+0.40* 0.83+0.40° 1.16+0.40*
0.15625 pg/mL 1.16+0.40* 1.00+0.00° 1.00+0.00*
0.3125 pg/mL 2.00+0.40° 1.16+£0.40° 1.00+0.00*
0.625 pg/mL 1.83+£040°  2.66+0.51°  2.00+0.00°
1.25 pg/mL 1.83+0.40° 2.83+0.40° 2.66+0.51°

increased ROS amount and increased neutrophil infiltra-
tion. Wound infection, which is one of the most impor-
tant factors in the chronicity of wounds, is a frequently
encountered problem (Gao et al. 2017; Liu et al. 2022).
The development of resistance to antibiotics used to treat
of infections has pushed the scientific world to search for
different treatment options. In the last quarter century,
nanoparticles have been widely investigated in all treat-
ment approaches, as well as in acute and chronic wound
treatment (Stan et al. 2021; Vijayakumar et al. 2019; Wang
et al. 2018).

The main flavonoids of the C. spinosa L. plant, which is
used as an antiseptic agent in Iran, are rutin and quercetin.
The antioxidant property resulting from the using the plant
extract is related to these two flavonoids. It is thought that
alkaloids such as stachhydrin, cadabicine found in the roots
of the plant have an antiseptic effect (Zhang and Ma 2018).

Other known components are alkaloids, furan, flavonoids
and pyrrole derivatives, phenolic acids, tetraterpenes, ster-
ols, capparisine A, capparisine B, capparisine C, glucocap-
parin, isoginkgetin, ginkgetin, protocatechuic acid (Sezen
et al. 2022).

Zinc is an essential element in many metabolic events
such as growth, development, immunity, and wound healing.
These ions exert their effects on immunity by acting on the
regulation of chemokines and cytokines through platelets
(Lin et al. 2017). It supports its effects on wound healing
by increasing platelet activity and providing coagulation.
ZnO nanoparticles, which are based on Zn as a metallic
ion, show antibacterial and anticancer activity. It provides
these effects mainly by increasing ROS levels, maintain-
ing the tumor suppressor p53 gene activity and activating
the caspase-6 enzyme. There are studies showing that, in
addition to ROS production, ultraviolet light induction, Zn
ion release and other physicochemical properties play a role
in the antimicrobial effect of ZnO NPs (Akbar et al. 2021,
Aslam et al. 2022, Gharpure and Ankamwar 2020, Kaushik
et al. 2019, Lin et al. 2017, Sharma et al. 2012). In addition,
ZnO NPs have high adhesion to the bacterial cell membrane
(Gao et al. 2017).

There are many wound healing studies with ZnO nano-
particles depending on their antimicrobial activity. In these
studies, it has been shown that the effects of nanoparticles
on inflammatory processes affect the wound healing pro-
cess (Harandi et al. 2021; Lin et al. 2017). In addition, in
a study with hydrogels using ZnO NPs, it was shown that
ZnO NPs inhibited biofilm formation (Rayyif et al. 2021).
According to the results obtained in this study with ZnO
NPs, antimicrobial activity was observed in Gram-positive
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Fig.8 Bek/FGFR2 immunofluorescence staining. Mild expression (arrowhead) in the Control, DMSO, 0.0390625 pg/mL. 0.078125 pg/mL, and
0.15625 pg/mL groups and moderate expression in the 0.3125 pg/mL. 0.625 pg/mL and 1.25 pg/mL groups

strains tested. In a study on fibroblast cells, it was seen that it
supports fibroblast adhesion and migration. It is emphasized
in the literature that collagen accumulation occurs in the
wound area as a result of migration. It is reported that this
situation accelerates the wound healing process (Yang et al.
2009). They determined that the carboxymethyl cellulose/
sericin-based hydrogel developed by El-Samad et al. cre-
ated a strong inhibition zone against five multidrug-resistant
strains. In addition, although the hydrogel had a strong anti-
microbial effect, it reduced oxidative stress in the skin tissue
of diabetic rats (El-Samad et al. 2022b). the results obtained
were examined, it was observed that ZnO NPs obtained from
C. spinosa L. plant extract showed antimicrobial activity on
Methicillin-resistant Staphylococcus aureus ATCC 67106,
Enterococcus faecium ATCC 700211, Streptococcus mutans
ATCC 35668, Streptococcus salivarius ATCC 13419 lines.
It has been proven in the literature that ZnO NPs can exert an
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antibacterial effect by forming H,0, (Kaushik et al. 2019).
When other data obtained are examined, it is thought that
this antimicrobial effect is not only due to reactive oxygen.
Because, according to the TOS and TAC analyses, it was
observed that there was no increase in reactive oxygen spe-
cies. Neamabh et al. reported that the ZnO NPs they synthe-
sized using the water extract of C. spinosa L. fruit exhib-
ited strong antioxidant activity in the DPPH test at doses of
7.5-300 pg/mL (Neamah et al. 2023). In another literature,
it has been shown that ZnO NPs can cause cellular dam-
age by affecting cell integrity by showing adhesion to the
cell membrane through electrostatic interactions (Gao et al.
2017; Hassan et al. 2023). It is thought that the antibacterial
effect obtained is through this pathway.

As a result of MTT analysis, it is observed that cell
viability increases up to 1.25 pg/mL and starts to decrease
at higher doses. It is observed that cell viability decreases
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Control

0.0390625 pg/mL

0.078125 pg/mL
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Fig.9 IGF immunofluorescence staining. Negativity in the Control and DMSO groups mild expression (arrowhead) in the 0.0390625 pg/mL,
0.078125 pg/mL, 0.15625 pg/mL and 0.3125 pg/mL groups and severe expression in the 0.625 pg/mL and 1.25 pg/mL groups

significantly at 5-10-20 pg/mL doses (p <0.001). Zinc has
effects on regulatory T lymphocytes (Treg). Increased Treg
levels with zinc supplementation result in the resolution of
inflammation and TGF-f-mediated re-epithelialization. Zinc
also takes part in the formation of granulation tissue (Lin
et al. 2017). It can be thought that the severe decrease in
cell viability at doses of 5-20 pug/mL may be mediated by
a possible toxic effect due to increased phenolic substance
concentration and/or by the mechanisms mentioned in the
antibacterial activity caused by Zn*? ions. Zn*? ions affect
the wound healing process by increasing platelet activity
and providing coagulation (Mammadova-Bach and Braun
2019). In addition, it can be thought that ZnO NPs increase
cell division by increasing cellular migration and collagen
deposition at the wound site (Metwally et al. 2022). As a
result of the data obtained from the MTT result of the study,
when the selected doses were applied in the cell migration

assay, it was observed that the wound areas formed were
closed in a way correlated to the MTT results.

When IL-6 and TNF-a levels were examined after the
scratch wound healing test, it was observed that IL-6 and
TNF-a levels decreased with increasing doses. As is known,
ZnO NPs have anti-inflammatory effects on inflammatory
cytokines. The decrease in IL-6 and TNF-a levels may be
due to these effects of ZnO NPs. However, it can be thought
that ZnO NPs activities on p53 gene and caspases may also
affect inflammatory factors through the mechanism of repair
of DNA damage (Sharma et al. 2012). In the obtained data,
it is seen that TAC and TOS levels were correlated with each
other. With increasing doses, a decrease in oxidant status and
an increase in antioxidant capacity were observed. Studies
in the literature have shown that ZnO NPs have an oxidant
effect by producing H,O, (Elshama et al. 2018). However,
in contrast to this situation, oxidant status decreased, and
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Fig. 10 TGF-p immunofluorescence staining. Mild expression (arrowhead) in the Control, DMSO, 0.0390625 ug/mL, 0.078125 pg/mL, 0.15625
pg/mL, and 0.3125 pg/mL groups moderate expression in the 0.625 ug/mL group, and severe expression in the 1.25 pg/mL group

antioxidant capacity increased with increasing doses. The
reason for this may be that the stability of ZnO NPs obtained
by green synthesis is higher than that of chemically obtained
zinc NPs (Metwally et al. 2022; Parveen et al. 2016; Sudhas-
ree et al. 2014). It may have prevented the steady-state Zn*>
ions from being released enough to increase oxidative stress.
In addition, zinc deficiency and excess inhibit NADPH oxi-
dase, which is important for the formation of ROS precur-
sors. The decrease in oxidant status at the determined doses
can be thought to be mediated by the inhibition of NADPH
oxidase dependent on the amount of zinc (Lin et al. 2017).
Bek/FGFR2 is a member of the fibroblast growth factor
family (Liu et al. 2021). It is one of the cell signaling pro-
teins produced by macrophage cells. It is involved in wound
healing and regulation of hepatic stellate cells (Dolivo et al.
2017; Liu et al. 2021). As is known, zinc plays a role in the
differentiation of monocytes into macrophages (Lin et al.

@ Springer

2017). There is also evidence showing that it increases
keratinocyte motility and migration of fibroblasts (Sogabe
et al. 2006). In the scratch wound healing test performed,
it was determined that Bek/FGFR2 immunopositivity was
higher in the groups treated with 0.3125 pg/mL, 0.625 pg/
mL, and 1.25 pg/mL doses with high proliferation and
migration compared to the other groups. It can be said that
the increase in BEK levels depending on the dose increase is
due to the differentiating effect of zinc ions on cells. Another
important parameter in wound healing is TGF-f level.
TGF-p is also involved in the regulation of the extracellu-
lar matrix. In the literature, data showing that the increase
in TGF-p and Bek/FGFR2 levels are parallel is presented
(Kanda et al. 2003; Penn et al. 2012). When the TGF-f data
were analyzed, the results showed a significant increase in
the doses of 0.625 pg/mL and 1.25 pg/mL compared to the
Control. The effect of increasing doses of zinc ions on cell
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proliferation was proven by the increase in TGF-f levels, and
at the same time, the relationship between TGF-f§ and Bek/
FGFR2 levels was confirmed. Another important factor is
IGF. It is involved in the proliferation of fibroblast cells and
the stimulation of cellular migration. Their expression in
injured tissues is considerably higher than in healthy tissues
(Hadley et al. 2010; Roberts et al. 2022). It was observed
that IGF levels increased significantly in all dose groups
compared to the Control, and this significance was even
stronger at 0.625 pug/mL and 1.25 pg/mL doses. The pro-
liferative effect of ZnO NPs and the tumor suppressor p53
gene mediated DNA repair mechanisms may have caused an
increase in TGF-p, IGF and Bek/FGFR2 levels.

Conclusion

Although nanotechnology has applications in many spheres of
life, it has offered new possibilities and methods, particularly
in the field of medical technologies. As an important public
health problem, it was determined that ZnO NPs produced
by green synthesis using Capparis spinosa L. water extract,
which we discussed in this study in terms of antimicrobial
agents and wound healing, had an average size of 1000 nm.
It was confirmed that ZnO NPs showed antimicrobial effects
against four strains among nine different pathogenic bacte-
ria. In studies testing the viability and proliferation of human
fibroblast cells, it was observed that ZnO NPs increased cell
viability up to a dose of 1.25 pg/mL and caused a decrease in
cell viability at doses above this. In the in vitro wound healing
study, where a safe dose range was used, it was determined
that all treatment doses provided faster wound closure than the
DMSO group. These results showed that the synthesized ZnO
NPs have the potential to be used in the development of topi-
cal formulations and various biomedical materials that will
accelerate wound healing. However, comprehensive in vivo
studies are needed for this green synthesis product ZnO NPs
with important bioactive properties.
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